Keywords: Weld seam Extrusion parameters Heat treatment Microstructure Mechanical properties a b s t r a c t To obtain profiles with sound weld seams, the effects of extrusion parameters and heat treatment on microstructures and mechanical properties of the weld seam were revealed. It was found that the high extrusion speed increases the mechanical properties and welding quality of the welding area. The micro-voids formed in low temperature and low extrusion speed could hinder the grains from growing through the welding interface during heat treatment, which caused weak bonding of the weld seam. Lots of strengthening phases precipitated during aging treatment, which leads to the disappearance of the softened welding area and the improvement of tensile strength. However, the fine grains of welding area translated to coarse grains quickly during solution treatment, and the precipitated phases coarsened and the precipitation free zone (PFZ) widened when the aging time is excessive, above reasons result in the layered fracture of welding area and poor elongation. Tensile strength and elongation were improved simultaneously because of the fine grain boundary precipitates, narrow PFZ and fine homogeneous T 1 phases formed in under-aged (UA) treatment. The weld seam obtained by high extrusion speed shows a fine combination of ultimate tensile strength (UTS) and elongation after UA treatment.
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To obtain profiles with sound weld seams, the effects of extrusion parameters and heat treatment on microstructures and mechanical properties of the weld seam were revealed. It was found that the high extrusion speed increases the mechanical properties and welding quality of the welding area. The micro-voids formed in low temperature and low extrusion speed could hinder the grains from growing through the welding interface during heat treatment, which caused weak bonding of the weld seam. Lots of strengthening phases precipitated during aging treatment, which leads to the disappearance of the softened welding area and the improvement of tensile strength. However, the fine grains of welding area translated to coarse grains quickly during solution treatment, and the precipitated phases coarsened and the precipitation free zone (PFZ) widened when the aging time is excessive, above reasons result in the layered fracture of welding area and poor elongation. Tensile strength and elongation were improved simultaneously because of the fine grain boundary precipitates, narrow PFZ and fine homogeneous T 1 
Introduction
2195 Al-Cu-Li alloy is a great interest to the aerospace industry due to their superior performance such as low density, high elasticity modulus, high specific strength, good weldability and excellent cryogenic properties [1] [2] [3] [4] . Moreover, the spray deposited billets usually have more homogeneous microstructures and excellent properties than cast alloy [5] [6] [7] . However, the spray forming technology may cause micro-pores within the matrix. The three-dimensional compressive stress state in extrusion process is beneficial for healing the micro-pores in spray deposited alloy and further improve the performance of alloy [8] . The extrusion of cast billets has been researched for many years, but the extrusion of spray deposited Al-Li alloy billets is rarely mentioned. The extruded profiles of 2195 Al-Li alloy have been widely used in the wings, fuselages, skinning and stringers of aluminum airframe structures. Joining or welding is indispensable for the connection among these aluminum airframe structures. Some problems in traditional weld processes of 2195 Al-Li alloy might decrease the properties of these connecting structures. If some of the complex weld components would be replaced by integral components e.g. some kind of hollow structures, most of the traditional weld defects can be omitted and the weight of airframe can be further lightened. The porthole die extrusion is an efficient forming technology for producing aluminum hollow profiles. The quality of weld seam plays a pivotal role in the quality of hollow structures. Moreover, the welding process in porthole die extrusion is quite complicated. Firstly, the weld seam influences the flow behavior of the material. Secondly, the existence of the weld seam might bring about some welding defects, such as gas pocket and micro-voids [9] , which will result in the appearance of oxide film at the interface [10] . Thirdly, the microstructures of the welding area, including the morphology of grain and precipitated phases, the dislocations, the micro-texture, etc. are different from those of the matrix and have an obvious impact on the mechanical properties [11] . This phenomenon is familiar with the process of friction-stir welding (FSW) [12, 13] . Hence, the interactions between the material flow behavior, welding defects and microstructures increase the complexity of analysis and control about the quality of weld seams. Therefore, it is necessary and essential to study the properties of extrusion weld seam.
In recent years, significant efforts have been made on the quality control of the extrusion weld seams. It can draw a conclusion that the bonding degree of weld interface and microstructures of the welding area play vital roles in the properties of weld seams [14] . Ultimately, the bonding degree depends on the hydrostatic pressure inside the welding chamber, temperature and bonding time. When a sound bonded interface is obtained without any defects, the mechanical properties of weld seams are mainly decided by microstructure. The extrusion speed has a direct effect on material bonding time and deformation temperature [15] . The temperature has been regarded as a key factor in microstructure evolution and atom diffusion. Previous researches have proposed that the welding quality can be improved by increasing extrusion speed [16] [17] [18] . However, excessive high extrusion speed is expected to decrease the bonding time, which is detrimental to the separated material bonding together again. Valberg et al. [19, 20] found that excessive high extrusion speed usually results in metal tearing and unsound weld seams. Deformation temperature in hollow extrusion is affected by billets temperature and extrusion speed [21] . It has been found that elevated temperature is beneficial to the plastic deformation and creep (surface diffusion) stages [22] . Bai et al. [23] found that the dynamic recrystallization (DRX) promoted by elevated temperature will enhance the strength of the weld seam. Jo et al. [24] [25] [26] concluded that the welding quality can be improved by increasing temperature, however, the coarse grains will appear in this process. Therefore, there has been little agreement on the effect of extrusion speed and temperature on the extrusion weld seam. Moreover, the microstructures of the welding area have been studied by many researchers. Yu et al. [10, 14] characterized the grain structure, interface structure of weld seams. By studying 2195-T8 FSW joints, it comes to a conclusion that the hardness distribution in the cross-section of the FSW joint exhibited a "basin" shape due to the dissolution of ′ (Al 2 Cu) and T 1 phases [27] . A similar phenomenon has been found in the welding area of hollow profiles [11] . Because of the congenital differences between the welding area and matrix, the strength loss of weld seam for Al-Li profiles could not be reduced efficiently by optimizing extrusion parameters alone. As a typical heat-treatable alloy, the properties of 2195 Al-Cu-Li alloy profiles can be improved significantly by a series of thermo-mechanical treatments [28] [29] [30] [31] [32] . According to the previous research, the yield strength (YS) and ultimate tensile strength (UTS) of the T83-treated 2195 Al-Cu-Li profiles can reach 600 MPa and 632 MPa with a moderate ductility (10%) [33] . The recent evidence on FSW of the Al-Cu-Li joint suggested that the materials in different areas of the joint undergo a different thermo-mechanical process, which leads to the heterogeneous microstructure after heat treatment, thus the joint performance would be deteriorated [27, 34] . Similarly, the strain values of weld seam are different from those of matrix, which caused the special microstructure of the welding area during extrusion and heat treatment. Unfortunately, studies about the evolution of extrusion weld seams during heattreatment are unsatisfactory up to now.
In this work, hollow extrusions of spray deposited 2195 Al-Cu-Li alloy were carried out with different temperatures and extrusion speeds. Then these profiles with weld seams were subjected to solution and aging treatment. Moreover, the welding defects, microstructures, properties and fracture behavior of weld seams of profiles obtained by different temperatures, extrusion speeds and heat treatments were characterized and analyzed. At last, the influence of weld seams on the mechanical properties and microstructure was deeply revealed. The results obtained in this study can provide significant theoret- ical support and basic data for further study on the field of extrusion weld seams.
2.
Experimental material and method
Billet material
The original billets of spray deposited 2195 alloy used in this work were prepared in Haoran Co., Ltd., Jiangsu, P.R. China. The chemical compositions of the spray deposited alloy was 3.72 Cu, 1.06 Li, 0.44 Mg, 0.31 Ag, 0.12 Zr (wt.%) and balance aluminum, which was obtained by using inductively coupled plasma atomic emission spectroscopy (ICP-AES). The densification degree of the spray deposited alloy is 98.07% [33] . The billets with the dimensions of Ø40 mm × 60 mm were cut off from a large-scale spray deposited billet with the dimensions of Ø 520 × 1100 mm (roughly 590 kg). Fig. 1 provides details about the extrusion device. Fig. 1 (a) shows the schematic diagram of extrusion die, which is consists of the upper die, assemble bridge, lower die and container. The assembly drawing and dimensions of extrusion dies are presented in Fig. 1(b) . Fig. 1 (c) exhibits the specific dimensions of the assembled bridge. The extrusion direction is defined as ED, and the direction parallel and vertical to the welding interface in the cross-sections of profiles are defined as ND and TD, respectively. The experiment equipment was a hydraulic press with a capacity of 200 t. Before the extrusion, the dies, billet and container were heated together to the desired temperature and the desired holding time is 15 min. After that, the extrusion was carried out by the desired extrusion speed. In this study, these designed extrusion parameter combinations are shown in Table 1 . To maintain the microstructure of profile and residual metal in die, the obtained profile and die were put into cooling water immediately after extrusion.
Extrusion experiment and heat treatment
After extrusion experiment, these profiles were subjected to different heat treatments. These heat treatment parameters are chosen according to the recent research [33] , as shown in Table 2 . The solution treatment was carried out by tube furnace OTF-1200X with the heating rate 10 • C/min, then these samples were held for one hour in air at 490 • C and 520 • C, respectively. After solution treatment, these samples were put into cooling water immediately. The aging treatment was carried out at oil bath resistance furnace XMTD-703 with a heating rate of 10 • C/min. Finally, these aged samples are followed by cooling in air.
Microstructural characteristics
After extrusion, the rectangular profiles with longitudinal weld seam were obtained, as shown in Fig. 2 . The longitudinal weld seam is located in the mid-position of the width, i.e. TD direction. To observe microstructures, samples were picked from middle position of profiles, as shown in Fig. 2 . The microstructure of the welding area was characterized by OM (optical microscopy, OLYMPUS-G51) and EBSD (Electron Back-Scattered Diffraction, JSM-7800F that equipped with a device of Oxford EBSD). These samples for OM observation were polished into mirror-like ones and etched in the Keller's reagent. For the EBSD investigation, the mechanically polished samples were electro-polished in the solution of 10 ml perchloric acid and 90 ml ethanol at 30 V for 10 s. TEM (transmission electron microscope, Tecnai microscope) was used for the analysis of precipitated phases. Thin foils for TEM observations were firstly prepared by mechanically grinding to a thickness of 50 m, and then electrochemically polished at −30 • C with a double jet electrochemical machine operated at 14 V.
Mechanical tests
The hardness test positions are around the weld seam on the cross-section and marked by red dots that presented in Fig. 2 . Hardness values were measured with an HV-1000 microhardness tester with a load of 200 g and a holding time of 10 s. The tensile test was used to evaluate the quality of weld seam, these positions and dimensions of tensile samples are also given in Fig. 2 . The uniaxial tensile test was carried out with an MTS electrical testing machine, the tensile speed was set as 0.2 mm/min. Fracture morphology was characterized by SEM (scanning electron microscopy, SEMJSM-7610F). It is necessary to point out that, due to the limited size of profiles, it is hard to obtain standard tensile samples. Therefore, the tensile property of weld seams was obtained by using small sample. To illustrate the relationship between the tensile test results of the small samples and standard samples, the tensile tests of these two samples were carried out by using three materials (as-cast Mg-Zn-Sn alloy, extruded 2024 aluminum alloy and annealed H13 steel). The dimensions of these two samples are shown in Fig. 3 . The tensile speed was set as 0.2 mm/min for small samples and 1.5 mm/min for standard samples. The results of UTS and elongation of these two kinds of samples can be compared in Table 3 . Table 3 illustrates that the UTS results are almost the same (the average value of the UTS ratio is 1.039), but the elongation of the small sample is about twice of that in standard samples (the average of ratio is 1.944). In this way, the test results of small samples were transformed into those of standard samples.
3.
Results and discussion Fig. 4 shows the OM images of spray deposited alloy 2195 Al-Cu-Li before and after homogenization. As shown in Fig. 4(a) , there are equiaxed grains with size of 50-70 m in the initial billets, and massive needle-like T 1 phases appear in the interior of the grains. Besides, some coarse non-equilibrium phases exist in the grain boundary. Fig. 4(b) gives the OM image of the alloy after homogenization, most of the phases inside grains have disappeared. According to the recent research [35] , the phases ␣-Al, T 1 (Al 2 CuLi) and T B (Al 7 Cu 4 Li) are widely distributed in initial billets. However, only ␣-Al can be observed in the homogenized alloy, which proves that T 1 and T B phases have dissolved into the matrix after the homogenization.
Microstructures

Microstructure of spray-deposited billets
The grain structure of the profile
All these profiles obtained by the extrusion parameters E1-E5 shown in Table 1 have glossy and flawless surfaces, and the weld seam is invisible to the naked eyes. The microstructures of profile E5 in TD-ED plane are shown in Fig. 5 . It can be found that there is an obvious weld seam affected area with a width of hundreds of microns, as shown in Fig. 5(a) . This area is defined as the welding area. The matrix area in the two sides of the welding area developed extrusion fiber. The grain structures of welding area A and matrix area B obtained by EBSD were given in Fig. 5 (b) and (c). In the inverse pole figure (IPF) map, the high angle grain boundaries (HAGBs) (misorientation angle ≥ 15 • ) and low angle grain boundaries (LAGBs) (2 • ≤ < 15 • ) are indicated by the black and white lines respectively, and the different colors of grains are used to identify grains orientation. It can be found that the welding area exhibits recrystallized small grains that slightly elongated along the extrusion direction, while the matrix area exhibits the incomplete recrystallized microstructure with many fine grains around the strip-shaped large grains. Fig. 5(d) and (e) provide the grain boundary orientations and the corresponding frequency of misorientation angles of the welding area and matrix area, where the misorientation angle smaller than 2 • is excluded. The average misorientation angle of areas A and B are 39.65 • and 12.79 • , and the corresponding frequencies of HAGBs are 49.37% and 14.63% separately. The results above illustrate that the volume fraction of DRX grains in the welding area is far bigger than that in the matrix area. The dramatic deformation of the welding area due to the intense shear and friction between the materials and the bridge will accelerate the DRX behavior of grains. Fig. 6 shows the microstructure of profiles E1-E5 before and after solution treatment. From Fig. 6 (a)-(e), it can be seen that all welding areas of as-extruded profiles consist of small DRX grains with an obvious welding line in the center of it. The experiment E1 was carried out at the extrusion speed of 0.1 mm/s and the billet heating temperature of 440 • C. The profile extruded by this experiment has a distinct dark welding line, as shown in Fig. 6 (a). There are some dark discrete particles in the welding line, which may be formed by unclosed micro-voids. With the increase of temperature and extrusion speed, the number and size of micro-voids decrease gradually and the welding line gradually became blurred, as shown in Fig. 6 (a)-(e). The welding line in E5 nearly disappears under OM, as shown in Fig. 6 (e), which proves that most of the welding interface realized intimate contact and sound bonding by this experiment (470 • C, 0.5 mm/s). As is well known, the elevated temperature will lead to rapid atomic diffusion of the material on the two sides of the welding interface. The high extrusion speed increases the temperature and the ratio of the hydrostatic pressure in the welding chamber to the material's flow stress, which improves the closure of the micro-voids. Besides, the high extrusion speed exacerbates the friction between the material and the bridge, which will promote the break-up of the oxide layer and the exposure of virgin materials. Therefore, the E5 profile has the best welding interface among E1-E5. Fig. 6 (f)-(j) give the microstructure of welding area after solution treatment. It can be found that these fine grains of welding area grow up abnormally and formed many coarse grains while the matrix area showed normal grains. Humphreys et al. [36] proposed a model of dynamic recrystallization and grain growth. In this model, the average grain size and the average diameter of secondary particles were defined asd g andd p , and the size ratio of one of the grains was defined as X = d g /d g¯. The abnormal growth of grain appears when the growth rate of the grains in the welding area exceeds that of the matrix, and this can be expressed as equation as follows:
Combine the Hillert's [37] equation and theory about the pinning effect [38] , the equation above can be deduced as follows:
In Eq. (2), ω = 3fpdg 2dp and f p were defined as the pinning coefficient and the volume fraction of the secondary particles. Based on the above theory, the instability i.e. the abnormal grain growth of the welding area is due to the imbalance between the thermodynamic driving forces for grain growth (reduction in grain boundary surface area) and the pinning forces gener-ated by fine particles impeding grain boundary migration [39] . The fine grains of the welding area can provide sufficient driving forces for grain growth. But the secondary particles formed in the extrusion process are scarce and thed g in the welding area is far smaller than that in matrix area [11] , which can only provide relatively small pinning forces. Meanwhile, the intense deformation of the welding area provides sufficient strain energy [11] . The quick-release of this strain energy in solution treatment with high temperature promotes the grain boundary migration. Besides, the texture and interfacial effect of welding surface will influence the driving forces for the grain growth and the mobility of grain boundary, which will finally influence the bonding degree. It is of great necessity to conduct further research on the mechanism and put forward some suppression methods of abnormal grain growth in the welding areas of hollow profiles in future studies.
The unclosed micro-voids in the welding interface of E1 became more obvious after solution treatment, as shown in Fig. 6(f) . It indicates that the solution treatment cannot improve the closure of the micro-voids. On the contrary, more unclosed micro-voids will generate due to the further oxidizing. There are no obvious micro-voids in these profiles E2 after solution treatment, but some of the banded grains distribute along the welding line. These results suggest that the weld seam hinders the grains from passing through the interface freely. Therefore, the welding quality of profiles E2 still needs to be improved. In E4-ST and E5-ST samples, it is found that some new grains grew up freely and traversed the bonding interface, as shown in Fig. 6 (i) and (j). Especially in the E5-ST sample, these grains grew up freely and seemed to be completely unaffected by the welding interface. The microstructures of the welding area on the crosssections of the profiles E1-E5 were examined by EBSD, and the results are shown in Fig. 7 (a)-(e). As is seen, the welding area of each profile exhibits fine DRX grains with <111> and <100> orientation, and some LAGBs are formed inside the grains. With the increases of the temperature and extrusion speed, the grain orientation was relatively stable, but the grain size and volume fraction of LAGBs experienced some changes. Table 4 gives the average grain size, the volume fraction of DRX and the fraction of LAGBs of welding area in profile E1-E5. It can be found that the average grain size increases from 3.38 m to 4.49 m with the temperature increase from 440 • (E1) to 500 • (E3). The average grain size increases slightly from 3.52 m to 3.65 m with the extrusion speed increases from 0.1 mm/s (E2) to 0.25 mm/s (E4), but it drops to 3.26 m when the extrusion speed rises to 0.5 mm/s (E5). The variation trend of volume fraction of DRX is similar to that of average grain size. Firstly, the volume fraction of DRX increases from 27.49% to 57.01% with temperature. The volume fraction of DRX firstly increase from 33.87% to 39.91% with the extrusion speed increases from 0.1 mm/s (E2) to 0.25 mm/s (E4), and then it drops to 24.06% when the extrusion speed rises to 0.5 mm/s (E5). Moreover, the percentage of LAGBs increases obviously with the extrusion speed.
As well known, the high deformation temperature can provide sufficient energy for the nucleation and growth of the fine DRX grains [40] . The high temperature will promote the dislocations to slip and climb, which leads to the merging of sub-grains and the transformation from LAGBs to HAGBs. Therefore, both the fraction of DRX and average grain size increased obviously with temperature. As mentioned above, the effects of extrusion speed on the average grain size and the volume fraction of DRX are not monotonous. Generally, high extrusion speed will increase the deformation temperature, but decrease the deformation time for grain recrystallization and growth. Therefore, the average grain size and volume fraction of DRX of the welding area in E5 is the smallest among the profiles E1-E5. The strain per unit time increases with the increase of extrusion speed, thus more dislocations will form and slide during high speed extrusion, which brings about massive dislocations to cluster together and form dislocation walls. Therefore, the percentage of LAGBs increases with the increase of extrusion speed. Grain structures of the welding area of E1 and E5 profiles after UA, PA, OA treatment are shown in Fig. 8 . The <111> and <100> oriented fine grains (as shown in Fig. 7 ) in the welding area translated into coarse grains with random orientation, which is similar to that after solution treatment. Similarity to Fig. 6 , the grains of the welding area in profile E1 are hard to across the unsound welding interface, as shown in Fig. 8 (a)-(c) . This indicates that the voids in E1 act as a barrier for recrystallization and grain growth [41] . Without further deformation, this kind of welding defect is difficult to be eliminated only by atom diffusion in heat treatment. The random growing up of grains in the welding area of profile E5 during heat treat- ment proves that the well-bonded interface with extremely small micro-voids or without micro-voids has little effect on the growth of grains, as shown in Fig. 8 (d )-(f). In this case, the effect of the microvoids on the mechanical properties of weld seam becomes weak, and the precipitated phase and grain boundary become the main influence factors. Fig. 9 shows the BF (bright field) images of the welding area in profiles E5 before and after heat treatment. As shown in Fig. 9(a) , there are few T 1 precipitates in the welding area before heat treatment. This is because that the sufficient dynamic recrystallization of the welding area impedes the precipitation of T 1 [11] . In addition, there are some small dot-like particles with a size of about 30-50 nm, which were confirmed as ␦ ′ (Al 3 Li) . The HADDF and corresponding EDS results in Fig. 10 shows that the precipitates containing Al and Cu elements and some iron-containing compounds are the main precipitates in the extruded alloy. These particles are easy to form the fracture sources and eventually decrease the elon- gation of profile. Fig. 9 (b)-(d) shows the BF micrographs along <110> Al direction of welding area with UA, PA, OA treatment and the corresponding SAED patterns. The SAED patterns in Fig. 9 (b)-(d) reveal that there are mainly three kinds of precipitates including T 1 , ␦ ′ and ′ appear in the welding area during aging treatment. Among them, the T 1 phases lead to four edge stripes in a rhombus and spots at the trisected points of the long diagonal line in the rhombus, and the coherent ␦ ′ phases lead to superlattice spots in the SAED pattern, i.e. spots in the intersection of diagonals in the rhombus [42] . The short diagonal line in the rhombus demonstrates the presence of the ′ phases, as shown in Fig. 9 (d) . Fig. 9 (b) shows the characteristics of precipitates in the UA sample, where a small amount of strengthening phase precipitated. Due to the short aging time, the T 1 and ␦ ′ phases were fine and homogeneous, and there were very few of ′ phases. In the PA sample, a large number of dense T 1 , ␦ ′ and ′ precipitated in the welding area, and the size of T 1 phase increased significantly, as shown in Fig. 9 (c) . The size and quantity of the T 1 phase in OA sample increased compared to those in PA samples, but that of ′ phases seem to decrease slightly as shown in Fig. 9 (d) . Fig. 11 shows the microstructures of the grain boundary of welding area in profile E5 before and after heat treatment. From Fig. 11(a) , it can be found that there are no obvious grain boundary precipitates (GBPs) appear but a few coarse secondary particles containing Al and Cu elements and some iron-containing compound precipitated. After UA treatment, most of the coarse secondary particles dissolved and some homogeneous and fine GBPs precipitated, as shown in Fig. 11(b) . There was no obvious precipitation free zone (PFZ) formed along the grain boundary. All these characteristics are beneficial to the improvement of the elongation of material. It can be found that the PA treatment causes an obvious change in the microstructures of the grain boundary, as shown in Fig. 11(c) . On the one hand, the continuous coarse GBPs formed in the grain boundary leads to the dislocations pile-up and stress concentration around grain boundary. On the other hand, obvious PFZ with a width of 200 nm was formed after PA treatment, and the soft PFZ could not provide sufficient hindrance for the dislocation movement, which will promote the strain localization. Hence the PFZ in the grain boundary easily becomes the congenital initiation site of cracks [43, 44] . Therefore, the material is easy to fracture along the grain boundary, which will reduce the elongation significantly. Fig. 11(d) gives the microstructure of grain boundary in weld seam after OA treatment. With the extension of aging time, the width of PFZ was further increased to 300 nm after OA treatment and the continuous coarsen GBPs transformed into discontinuous particles. Moreover, compared to the PA samples, the size of these discontinuous particles and the T 1 , ␦ ′ and ′ phases of OA samples increased. Generally speaking, the dislocation changes from a cutting mechanism to a bypass mechanism when it passes through the hard T 1 phases [45] . Hence the massive T 1 phases will increase the tensile strength and decrease the elongation [46] . However, the coarsening of T 1 phases in OA treatment will decrease the strengthening effect of itself and the amounts of strengthening phases simultaneously, which will weaken the strengthening effect.
The precipitated phase
The grain boundary
3.2.
Mechanical properties Fig. 12 gives the hardness distributions on the cross-sections of the profiles E1-E5 and that of E5 after UA, PA and OA heat treatment. It can be seen that the welding area obtained in all extrusion parameters has an obvious softening phenomenon before heat treatment. After heat treatment, the hardness of the profile E5 increases dramatically and the softening phenomenon in the welding area disappears gradually with the increase of aging time. In E5-PA and E5-OA samples, the hardness of the welding area is almost the same as that of the matrix area. The hardness of E5-PA sample reaches a peak value, but the hardness decreases slightly after OA treatment. The sufficient recrystallization of the welding area during hot extrusion consumes massive dislocations, which weakens the work-hardening effect and suppresses the precipitation of the strengthening phase. Thereby the obvious softening phenomena appeared in the welding area. The re-precipitation of the strengthening phase during the aging process leads to the increase of hardness of weld seam area, but the coarsening of the strengthening phase in the OA condition decreases the strengthening effect again. The hardness of the extruded profile increases with temperature under the same extrusion speed, as shown as the curves E1, E2 and E3 in Fig. 12 . The hardness first increases and then decreases with the extrusion speed under the same billet heating temperature, as shown as the curves E2, E4 and E5 in Fig. 12 . The hardness of profiles extruded at 500 • C, i.e. the profile E3, reaches a peak value. It has been proved that the dislocation density decreases with the temperature and increases with the deformation speed [47] . The bigger grain size and low dislocation density in profile E3 prove that the fine-grain strengthening and the dislocation strengthening are not the main reason causing the high hardness. During hot extrusion, most alloy elements in the weld area dissolved into the matrix under the comprehensive action of high temperature and large plastic deformation. After extrusion, the extruded profile was rapidly cooled down in water, so the profile exhibits an approximate solution treated state. Hence the micro-hardness distribution of the profiles would be related to the solid solution strengthening effect. Therefore, the hardness of the profiles increases with the increase of deformation temperature and time. As for the profile E5, the temperature is high enough due to the high extrusion speed, but the solution strengthening effect is weak due to the inadequate diffusion of alloying elements in the short deformation time. Thus, the micro-hardness of profile E5 is relatively small, and this kind of softening effect is beneficial to the improvement of elongation of the profile.
Microhardness
Tensile properties
As a result of the obvious softening in the welding area of the extruded profiles and the abnormal coarse grains of the welding area after heat treatment, the mechanical properties of the welding area usually reduces obviously and become the weakest location in the profiles no matter before or after heat treatment. The all-weld tensile test results were given in Fig. 13 . It can be found that all the samples fractured in the welding area, as shown in Figs. 1-16 , so the tensile test results can reflect the properties of extrusion weld seams [48] . It can be found that all the welding area without heat treat- Fig. 12 . The elongation of the welding area in profile E2-E4 without heat treatment shows no great difference, which fluctuates around 7%. But the elongation of the welding area in profile E5 is over 10%, while that in profile E1 is only about 5%. The relatively high extrusion speed in profile E5 might enhance the plastic deformation and atomic diffusion of the welding interface, thereby promote the closure of the microvoids on the bonding interface, which finally improve welding quality and elongation [14] . The short deformation time in E5 reduces the strengthening effect of solid solution and finally increases the plastic deformation capacity of the material. Therefore, the welding area of profile E5 shows excellent UTS and elongation. The poor mechanical properties of the welding area in profile E1 are related to the poor bonding interface in profile E1.
After heat treatment, the tensile strength of the welding area improved considerably. With the extension of aging time, both the tensile strength and elongation increase firstly and then decrease. After PA treatment, the UTS of welding areas in all the profiles reached the peak value. The elongation of samples shows an obvious increase after UA heat treatment, and then generally declines with the increase of aging time. The welding area of profile E5 exhibits a good combination of high strength and large ductility after UA treatment, corresponding UTS and elongation reach 427.12 MPa and 15.23%, respectively. However, the welding area in profile E1 shows poor mechanical properties no matter before or after heat treatment, especially the elongation is always lower than 6%, which attributed to the many voids in the welding interface.
It's worth noting that the elongation of the welding area in all profiles shows various degrees of increase after UA treatment. This is because that the secondary particles in the welding area which are harmful to elongation have dissolved into matrix during solution treatment, and the precipitation of strengthening phase decreased the hindering effect of solution alloy elements to the movement of dislocation. Meanwhile, the small and homogeneous strengthening phases and narrow PFZ in UA samples have little effect on the elongation. Therefore, the elongation of the welding area in profiles with UA treatment reaches peak value. Moreover, the increasing degrees of elongation in the welding area of profiles E4 and E5 with UA treatment are more significant than those of profiles E1, E2, and E3. The profiles E4 and E5 were extruded in relatively high extrusion speed which showed elevated welding quality. After UA treatment, some fine T1 phases precipitated at the welding area of profiles E4 and E5 due to the high dislocation density, as shown in Fig. 9 . In addition, some coarse grains across the welding interface have been formed in the welding area, which leads to the further improvement of welding quality. Therefore the UTS and elongation of the welding area in profiles E4 and E5 increased at the same time after UA treatment, and the increasing degree of elongation is more significant than those of profiles E1, E2, and E3. The above results illustrate that the higher extrusion speed will increase the tensile properties and welding quality of the welding area. The sufficient solution treatment and short aging time will increase the tensile properties of profiles, especially the elongation. 
Fracture behavior
Tensile fracture morphologies and fracture locations of three different bonding degree specimens were observed in Figs. [14] [15] [16] . Fig.14 shows the fracture characteristic of profiles E1. It can be found that all these samples fractured along the weld seam entirely and showed smooth fracture surfaces no matter before or after heat treatment, as shown in Fig. 14(a)-(d) . It is consistent with the phenomenon that most of the welding interface has not reached interatomic bonding in E1, as shown in Fig. 6 . Before the heat treatment, some shallow dimples can be found at higher magnification, as shown in Fig. 14(a) . But the amounts of dimples decrease and smooth facets increase with the extended aging time, as shown in Fig. 14(b)-(d) . Fig. 15 shows the tensile fracture morphologies and fracture locations of profiles E2, where the magnification of area I and II were also provided. It can be found that all of these samples fractured in the 45 • directions of the welding line. From the integral fracture morphologies of weld seams in Fig. 15(a)-(d) , it can be found that obvious grooves are appearing in the fracture surface, which might be produced when the fracture surface across the welding interface. The magnifications of area I and II in Fig. 15(a) show that both the grooves and the surrounding areas exhibit dimples fracture, which indicated that the profile E2 exhibits ductile fracture due to the bonded surface. The dimples in grooves are smaller and shallower than those in the surrounding area, which indicates a limited bonding with insufficient atomic diffusion here [49] . After UA, PA, and OA heat treatment, the grooves show almost smooth fracture morphology with few dimples, as shown in the magnifications of area I in Fig. 15 (b)-(d) .
As the appearance of fracture for profiles E3, E4 and E5 show similar nature, here only the fracture morphology of E5 was presented, as shown in Fig. 16 . All the samples fracture in the welding area and the fracture surfaces show no grooves, as shown in Fig. 16 (a)-(d) , which indicates that the weld interface achieved a good bonding. There are many large and deep dimples in the welding area of profiles E5 before heat treatment. After UA treatment, the welding area exhibits the mixture of small smooth facets fracture and deep dimple fracture, as shown in the enlarged image in Fig. 16(b) . As shown in Fig. 9 (b), the small T 1 phases have little effect on the elongation but increase the tensile strength significantly. Therefore, the welding area of E5 exhibits a good combination of high strength and large ductility after UA treatment. With the extension of aging time, obvious layered features appeared in the welding area, as shown in Fig. 16 (c) and (d) , hence the elongation of profile decreases. Fig. 17 gives the microstructure around the crack in TD-ED plane and TD-ND plane of the profile E5 with OA treatment, and the images were obtained by splicing a series of photographs magnified 50 times that taken under optical microscope together. From Fig. 17(a) , it can be found that the welding area exhibits stripe-shaped coarse grains along the extrusion direction, and there no small recrystallized grains. The grains in the matrix area on the two sides of the welding area are smaller, and there are massive residual small recrystallized grains. Samples fracture along the PFZ of the coarse grain boundary in the tensile test, as shown in Fig. 17 (a) and (b). It can be summarized that the welding area exhibited recrystallized small grains after hot extrusion, and the small grains grew up abnormally and formed stripe-shaped coarse grains during the solution treatment. After that, the width of PFZ was increased with the extension of aging time and formed a softening area around the coarse grain boundaries. In the tensile test, the stress concentration at grain boundary promotes the samples fracture along the PFZ of the coarse grain boundary and layered failure appeared in the welding area.
Conclusion
In this paper, the effects of extrusion and heat treatment parameters on the welding quality, microstructures, fracture behavior and mechanical properties of weld seams in profiles of spray deposited 2195 Al-Cu-Li alloy were revealed. The fracture morphology and mechanism of profiles with different bonding degree were investigated. The following conclusions were drawn:
(1) The extrusion process parameters have a significant effect on the quality of the weld seam. Low temperature and slow ram speed lead to some micro-voids appeared in the weld interface. The micro-voids will hinder the grains from growing through the weld interface during heat treatment, which causes weak bonding of the weld seam. The high extrusion speed improves the closure of the microvoids on the bonding interface, which is helpful to improve the welding quality and mechanical property of the weld seam.
(2) The fine equiaxed grains of the welding area grew up abnormally during solution treatment. After aging treatment, lots of phases such as T 1 , ␦ ′ and ′ precipitate and leads to the disappearance of the softened welding area and increase the tensile strength significantly. However, the precipitated phases coarsened and the PFZ around grain boundary widened when the aging time is excessive. This microstructure resulted in the fracture occurring along the PFZ of the coarse grain boundary, hence the layered fracture appears and the elongation decreases obviously. (3) The fine grain boundary precipitates, narrow PFZ and fine homogeneous T 1 phase formed in the welding area after UA treatment led to the simultaneous increase of tensile strength and elongation. The UTS and elongation of the welding area of profile E5 with UA treatment reached 427.12 MPa and 15.23%, respectively.
